We examined how glucocorticoid and testosterone concentrations changed from spring to summer by livetrapping free-living populations of arctic ground squirrels (Spermophilus parryii). The primary glucocorticoid was found to be cortisol, with corticosterone below measurable concentrations in most individuals. Livetrapping elicited a strong stress response in both sexes: breeding males and females trapped in spring had free cortisol concentrations 4 and 34 times, respectively, those of base-line animals. The maximum corticosteroid-binding capacity (MCBC) was unaffected by trapping and was about 3 times higher in breeding females than in breeding males. Over the active season, MCBC values were lowest in all male classes (juveniles, nonreproductive adults, and reproductive adults), being less than half those in all female classes; pregnant females had values approximately twice those of juvenile females. However, free cortisol concentrations were similar in all female classes and in juvenile males and about half those in adult males. Livetrapping increased testosterone concentrations in males over those found in samples from base-line males, and testosterone concentrations did not affect MCBC values. Testosterone concentrations in livetrapped animals differed significantly among male classes, with nonreproductive males maintaining concentrations 64% of those in breeding males and 10 times those in juveniles.
Introduction
A critical physiological system that allows animals to cope with rapid yearly changes in biological activities (e.g., breeding, foraging, and dispersal) and to respond adaptively to potentially harmful environmental challenges (e.g., conspecific aggression and predator attack) is the hypothalamic-pituitaryadrenocortical (HPA) feedback system (Sapolsky 1992) . Glucocorticoids produced by the adrenal glands play two major physiological roles: first, they are critical in normal day to day activities associated with the diurnal cycle of waking, such as increased locomotion, exploratory behaviour, appetite, and food-seeking behaviour (McEwen et al. 1988) ; second, they play a central role in allowing animals to adapt to short-term stressors through stimulation of hepatic gluconeogenesis, inhibition of glucose uptake by peripheral tissues, suppression of inflammatory responses, suppression of immune responses, and inhibition of the secretion of several hormones and neuropeptides (Munck et al. 1984 ).
Reproduction has a major impact on glucocorticoid concentration in mammals, particularly females (Challis et al. 1977; Martin et al. 1977; Liggins 1982; Boonstra and Boag 1992) . Pregnancy and lactation cause a major increase in concentrations of corticosteroid and corticosteroid-binding globulin (the blood carrier protein for glucocorticoids) in a variety of rodent species (Rosenthal et al. 1969a (Rosenthal et al. , 1969b McDonald et al. 1988) , and prenatal and postnatal maternal stresses may affect offspring fitness (e.g., Dahlof et al. 1977; Herrenkohl 1979; Crump and Chevins 1989; Sachser and Kaiser 1996) . Reproduction is particularly stressful, especially for males, often being associated with intense intrasexual competition, and in some species, with pronounced negative effects on survival. The most extreme example of this is found in the males of some of the dasyurid marsupials, in which breeding is associated with high free corticosterone concentrations, and is followed by complete male mortality as the HPA feedback system becomes dysfunctional (Bradley et al. 1980; McDonald et al. 1981; Bradley 1987) . Lee and Cockburn (1985) argued that this breeding-induced stress response is adaptive in that it ultimately promotes reproductive fitness. Boonstra and Boag (1992) proposed that similar adaptive stress responses may occur in mammals which have life histories similar to those of the dasyurids (i.e., one intense breeding opportunity per year and low between-year survival rates). Many ground squirrel species show some of these patterns. Male ground squirrels typically emerge from hibernation earlier, move widely in search of females, are heavier, sustain more injuries, lose more mass, and sustain higher mortality rates, particularly after breeding, than adult females (Morton and Sherman 1978; Michener and Locklear 1990) .
The arctic ground squirrel (Spermophilus parryii) is the largest ground squirrel species in North America, living primarily in the arctic tundra of Canada and Alaska and, in the northwest, also in the boreal forest. Its active life is compressed into the 3-5 months of the brief northern summer, with hibernation through the severe northern winter occupying the rest of its biological year. The seasonal sequences of changes in glucocorticoid concentration in both sexes and testosterone concentration in males are poorly understood in ground squirrels, and our primary objective is to document these changes, focusing on the period during and just after reproduction until midsummer. Our secondary objective is to assess whether the ground squirrels are stressed by the challenge of livetrapping and handling.
Methods and materials

Study species
To understand the sequence of changes in hormone concentrations during the active season of arctic ground squirrels, it is necessary to appreciate the yearly activity and reproductive cycle in the southern Yukon (Lacey 1991; Hubbs and Boonstra 1997; . Adult males emerge from hibernation in early to midApril and adult females approximately 1 week later. Mating takes place within 3-4 days of female emergence, gestation lasts 25 days, and young appear above ground 27 days after birth. Nonreproductive adult males disperse after the young emerge. Juvenile females tend to remain near the natal burrow, whereas juvenile males usually disperse 4 weeks after emergence (Byrom and Krebs 1999) . Adult females usually enter hibernation between late July and mid-August, adult males shortly thereafter, and juveniles as late as in September or early October.
Study area
The study was conducted at two sites in southwestern Yukon. The first site was in the Kluane Game Sanctuary (60°47′ N, 137°40′ W) on Bear Creek Flats at the north end of the Alsek River valley (Lacey 1991) . Ground squirrels live in open meadows surrounded by dense stands of willow, white spruce, and aspen poplar. This population was studied intensively during the summers of [1987] [1988] [1989] [1990] ; it had previously had been studied by McLean (1981) during the summers of [1977] [1978] [1979] . The second site was approximately 50 km west of the first site along the Alaska Highway in the Shakwak Trench east of Kluane Lake (61°N, 138°W). Ground squirrels lived primarily in open spruce forest, but were also found in meadows and road side verges. This was the site of a 10-year study into the ecosystem dynamics of the boreal forest Krebs et al. 1995) . A description of the site and of arctic ground squirrel demography can be found in Hubbs and Boonstra (1997) , Byrom et al. (2000) , and Karels et al. (2000) .
Livetrapping technique
The trapping technique was similar at both sites. Tomahawk live traps (14 × 14 × 41 or 15 × 15 × 48 cm; Tomahawk Live Trap Co., Tomahawk, Wisconsin, U.S.A.) baited with peanut butter were set outside burrow entrances between 7:30 and 8:30 a.m. and checked as indicated below. All new squirrels were restrained in a net bag and tagged in both ears (Monel No. 1, National Band and Tag Company), and on each capture, tag number, location, body mass (±5 g with Pesola scales), sex, and breeding condition (testes scrotal or abdominal for males; pregnant, lactating, or nonreproductive for females) were recorded. Males were classified as reproductive adults if their testes were descended and their scrotum was darkly pigmented with the surrounding hair bleached, as nonreproductive adults if their testes were abdominal and their scrotum pinkish in colour with the surrounding hair not bleached, and as juveniles if they were born in the spring of that year. Though most of the adult males classified as nonreproductive probably had bred (both yearlings and >2-year-olds breed in April-May), 8% of overwintering yearling males in our populations fail to mature in spring (N = 52; T.J. Karels, personal communication) and remain at their natal burrow (Lacey 1991) . Because of the rapid growth of all males subsequent to the mating period (T.J. Karels, personal communication) and because of the dispersal patterns of overwintering males (nonreproductive yearlings disperse from their natal site in June and males that have bred in spring disperse from their overwintering site from mid-June to July; Lacey 1991), we could not be certain whether adult males classified as nonreproductive in mid-June and July had been reproductive in spring. However, we detected no bimodality in hormone concentrations in nonreproductive adults. Trapping procedures and blood-collection procedures followed Canadian Council of Animal Care guidelines and were approved under a University of Toronto Animal Use Protocol for research based out of that university.
Collection of blood samples
At the Bear Creek Flats site, all members of the study population were livetrapped and individually tagged as part of a behavioural and ecological study (Lacey 1991) . At first capture, a 0.5-mL blood sample was collected from each individual via puncture of the suborbital sinus with a heparinized glass pipette (Lacey et al. 1997) . Because traps were monitored closely, animals rarely remained in them for more than 20 min prior to the collection of blood samples; samples were collected within 5 min of removing an animal from a trap. Blood samples were centrifuged in the field within 15 min of collection and the serum and red cell portions were stored separately in liquid nitrogen (-176°C) until they could be transferred to an ultracold freezer (-70°C) at the University of Michigan. The samples were thawed once for allozyme analyses of paternity to be conducted (Lacey et al. 1997 ) and then refrozen. Frozen samples were shipped on dry ice to Toronto for hormone analyses and stored at -70°C until analysis.
At the Kluane Lake site, 0.5-mL plasma samples were collected from two groups of ground squirrels. A base-line group was collected between 26 April and 3 May 1991 and 4-6 May 1995 near the Alaska Highway after a gunshot (22 calibre) to the neck and bled within 2-3 min by heart puncture. Samples collected from these animals provided resting glucocorticoid (samples collected in 1991 only) and testosterone concentrations (samples from both 1991 and 1995). Samples were obtained from a group livetrapped (traps were checked at 1-to 1.5-h intervals) in the same area between 24 April and 8 May 1991 (Hubbs and Boonstra 1997) and bled via a suborbital sinus puncture with a heparinized glass pipette within 5 min of release from the trap. The blood was stored in heparinized tubes and centrifuged at the field laboratory. Plasma was stored at -20°C prior to transport to the University of Toronto, where it was stored at -70°C until analysis.
Preliminary determination of glucocorticoid identity
As sciurids appear to vary as to which adrenal glucocorticoid (cortisol or corticosterone) is the primary one secreted by the adrenal glands (see the Discussion), we assayed an initial plasma sample for both corticosterone and cortisol. For corticosterone, antibody B3-163 obtained from Endocrine Sciences (Tarzana, California) was used, as it is highly specific (0.4% cross-reaction to cortisol) using the corticosterone protocol given in Boonstra and Boag (1992) . For cortisol (see the protocol below), antibody A-155 obtained from Western Chemical (Fort Collins, Colorado) (1.4% cross-reaction to corticosterone) was used. The sample (N = 70) consisted mainly of males (68) caught in breeding condition (N = 38, April to midMay) and nonbreeding condition throughout the rest of the summer (N = 30, late May until mid-August).
Cortisol assay
We measured total plasma cortisol by the radioimmunoassay (RIA) method used by Boonstra and Singleton (1993) , using anticortisol antibody A-155. Blank values for charcoal-stripped plasma and for solvent did not differ significantly from zero. All reagents were redistilled. The assay was sensitive to 10 pg/10 µL. The mean recovery of [1,2,6,7- 3 H]cortisol added to plasma was 105% (SE = 1.2%; range 100-107%). The intra-and inter-assay coefficients of variation were 4 and 15%, respectively. We calculated free cortisol concentrations using the method and constants given in Boonstra and McColl (2000) .
Plasma corticosteroid-binding globulin (CBG) was measured for each sample as the maximum corticosteroid-binding capacity (MCBC) by the saturation ligand method described in McDonald et al. (1981) , which we have used in a number of studies (e.g., Boonstra and McColl 2000) . Briefly [1,2,6,7-3 H]cortisol, diluted in nonradioactive cortisol to a known specific activity 5-20 times the expected capacity was added to 10 µL plasma (analyzed in duplicate). We allowed for the contribution of the endogenous cortisol in the sample. The high-affinity fraction in the plasma, diluted in 0.5 mL phosphate buffer, was measured by liquid scintillation after separation from the free and albumin-bound fractions with dextran-coated charcoal at 4°C for 10 min (Tan and Mulrow 1975) . The concentration of the high-affinity bound cortisol was then calculated, since the specific activity and the radioactivity of the bound fraction were known.
Androgen assay
Total plasma testosterone plus dihydrotestosterone was measured in duplicate by RIA using double diethyl ether extracts of plasma (for details see Boonstra and Singleton 1993; Boonstra and McColl 2000) . The antibody (P43/11) was produced by Croze and Etches (1980) and showed a major cross-reaction with dihydrotestosterone (62%) relative to testosterone. Blank values for charcoal-stripped plasma and for solvent did not differ significantly from zero. The assay was sensitive to 10 pg/25 µL plasma. The mean recovery of [1,2,6,7- 3 H]testosterone (Amersham) added to plasma was 96.5% (SE = 0.7%; range 92-102%). The intra-and inter-assay coefficients of variation were 5 and 6%, respectively.
Statistical and other analyses
Data are expressed as means ± SE. As recommended by Day and Quinn (1989) , we used Cochran's test (Winer 1971 ) of homogeneity of variance. We found that the basic demographic data satisfied this criterion, hence we used no transformations. The hormone data for the ANOVA did not meet this criterion, however, and we used the log (x + 1) transformation to make the variances homogeneous. All ANOVAs were performed using SuperANOVA (Gagnon et al. 1991) . We used the Tukey-Kramer multiple-comparison post-hoc test to examine the significance of main effects.
In the Discussion we make comparisons with glucocorticoid concentrations in other sciurid species from the published literature. If the values were not included in the text or tables, we obtained them from the graphs. We were able to determine precise values from these graphs by scanning them with a scanner, saving them as a PICT file, and then reading the data points with the program DATATHIEF (a free program copyrighted by K. Huyser and J. van der Laan, Computer Systems Group, Nuclear Physics Section, National Institute for Nuclear Physics and High Energy Physics, Amsterdam, the Netherlands).
Results
Primary glucocorticoid in arctic ground squirrels
Corticosterone concentrations were low in all males, 8.05 ± 1.63 ng/mL, with zero concentrations recorded in 45 animals and 23.8 ± 2.47 ng/mL in the rest; both females (bled in May 1991 and probably pregnant) had zero concentrations. Breeding condition (38 reproductive males and 30 nonreproductive males) did not affect whether males had nonzero concentrations (χ 2 = 0.006, 1 df, P = 0.94). In contrast to the extremely low corticosterone concentrations in both males and females, cortisol concentrations in males were about 29 times higher (230.59 ± 12.83 ng/mL; range 23.4-568.5 ng/mL) and both females had concentrations greater than 100 ng/mL. Thus, we concluded that the principal adrenal glucocorticoid in arctic ground squirrels is cortisol, and in all subsequent RIA runs, we assayed only for it.
Effects of capture and handling on plasma cortisol concentration
To assess whether trapping and handling elicited a stress response in ground squirrels, we compared a sample from base-line animals with a sample from livetrapped animals from the Kluane Lake population that was collected in late April -early May (two-way ANOVA, sex versus treatment) (see Fig. 1 for sample sizes). All males were in breeding condition (testes scrotal). Though it is likely that most females had bred, since breeding occurs within 3 days of emergence and our collections were made near the end of the emergence period (Lacey 1991; Karels et al. 2000) , we could not definitively assess pregnancy status (at least 5 of the baseline sample had small embryos), as they may have only recently bred. Livetrapping had no effect on MCBC values (F [1, 52] = 0.08, P = 0.79). However, females had MCBC values 3-4 times higher than those of males (F [1, 52] = 136.3, P < 0.0001), and there was a suggestion of an interaction effect between sex and treatment (F [1, 52] = 3.6, P = 0.06) (Fig. 1) . Livetrapping resulted in a marked increase in both total cortisol and free cortisol concentrations relative to those in base-line animals (F [1, 52] = 145.2, P < 0.0001, and F [1, 52] = 166.5, P < 0.0001, respectively). Males had significantly higher total and free cortisol concentrations than females (F [1, 52] = 111.0, P < 0.0001, and F [1, 52] = 235.7, P < 0.0001, respectively) and both total and free cortisol concentrations showed significant interaction effects (F [1, 52] = 178.0, P < 0.0001, and F [1, 52] = 32.2, P < 0.0001, respectively). The interaction effect between sex and treatment was due to the fact that in females, total and free cortisol concentrations were 12 and 34 times higher, respectively, in livetrapped than in base-line animals, whereas in males, concentrations of both only increased approximately 3-to 4-fold. Concentrations in base-line males were initially much higher than those in base-line females (about 9 times for total cortisol and 51 times for free cortisol), and changed much less in males in response to trapping and handling than in females. Thus, livetrapping strongly activated the stress response in both male and female ground squirrels, but had no effect on the binding capacity of plasma for cortisol. Females had much lower total and free cortisol concentrations initially, but responded more dramatically to trapping stress than did males.
Effect of reproduction on plasma cortisol concentration
We limited our analysis of changes in cortisol concentration with reproductive status to the Bear Creek Flat population because it was studied most intensively and was relatively stable over time. Thus, we were confident of the precise reproductive and age status of each animal and had a reasonable number of blood samples from most of the reproductive classes. As we were interested in the general pattern of variation among age and reproductive classes, we pooled samples from the different years (1987) (1988) (1989) (1990) . Males and females were each grouped into three classes (males: juveniles, nonreproductive adults, and reproductive adults; females: juveniles, lactating adults, and pregnant adults) and we used a one-way ANOVA to assess variation among the six classes in total cortisol and free cortisol concentrations and MCBC values. Blood samples were collected during the following periods: 20 April -28 May for reproductive males, 11 May -12 July for nonreproductive males, 23 April -20 May for pregnant females, 7-29 June for lactating females, and 8 June -20 July for juvenile males and females. Though the sex ratio of juveniles was roughly equal on first entry into the live traps (Lacey 1991), we analyzed a smaller sample of juvenile females (N = 44) than of juvenile males (N = 290) because one of us (Lacey et al. 1997) needed to genotype all juvenile males, as these were potentially future fathers. Two adult female classes were excluded from the analysis, owing to small sample sizes (in late April -May, blood was collected from 3 females that may have been pregnant but were not known to have given birth; in late June-July, blood was collected from 4 post lactating adults).
Though a number of animals were bled twice, each animal was allowed to contribute only once to each reproductive class by randomly deleting other samples (by assigning random numbers and deleting the lowest one). We also assumed that for a given animal, each hormone concentration in a reproductive class was independent of the concentration while it was in another reproductive class. This was tested by examining the repeatability of hormone concentrations within all animals bled more than once, and in all cases there was no significant repeatability (because of marked differences between males and females, the sexes were analyzed separately; males: total cortisol concentration, F [8, 9] = 1.64, P = 0.24; MCBC value, F [8, 9] = 0.76, P = 0.64; free cortisol concentration, F [8, 9] = 1.83, P = 0.19; females: total cortisol concentration, F [7, 10] = 2.91, P = 0.06; MCBC value, F [7, 10] = 2.25, P = 0.12; free cortisol concentration, F [7, 10] = 0.29, P = 0.94). Thus, we were justified in including samples from the same animals that were bled while they were in different reproductive states.
There were significant differences among the sex and reproductive groups in total cortisol concentrations (F [5, 429] = 23.08, P < 0.0001), MCBC values (F [5, 429] = 132.18, P < Fig. 1 . Effect of trapping and handling on cortisol concentrations and maximum corticosteroid binding capacity (MCBC) (mean ± SE) in arctic ground squirrels sampled in late April -early May 1991. Sample sizes for livetrapped and base-line (shot) animals were 19 and 8 males, respectively, and 20 and 9 females, respectively. 0.0001), and free cortisol concentrations (F [5, 429] = 17.19, P < 0.0001) (Fig. 2) . Though total cortisol concentrations tended to be similar and higher in adults than in juveniles, there were marked differences in free cortisol and MCBC values between the sexes and among age-classes. All female classes had lower free cortisol concentrations than the male classes, though this difference was significant only in comparison with adult males. All females had MCBC values 2-3 times those of males, and pregnant and lactating females had values approximately 2 or more times those of juvenile females. Thus, both sex and reproductive status had major effects on plasma cortisol concentrations and MCBC values.
Testosterone concentrations in males
We examined the effect of trapping and handling on testosterone concentrations in reproductive males by comparing samples obtained from base-line animals with those in animals obtained by livetrapping. There was no difference between samples from base-line animals collected in 1991 and 1995 (t = 1.43, 9 df, P = 0.18), therefore years were pooled. Stress normally causes a decline in testosterone concentration in wild mammals (e.g., Sapolsky 1985; Boonstra and Singleton 1993) ; however, we observed the opposite relationship, with testosterone concentrations significantly lower in samples from base-line animals (9.65 ± 2.25 ng/mL, N = 10) than in samples from trapped animals (14.20 ± 0.92 ng/mL, N = 48; F [1, 56] = 6.6, P = 0.01). Thus, trapping and handling increased, rather than decreased, testosterone concentrations.
Adult males were obviously reproductive only in April and May (dates on which the last males were detected as having scrotal testes ranged from 5 May 1987 to 28 May 1989; Lacey 1991). We examined variation in testosterone concentration in relation to breeding condition. We pooled samples from the different years (1987) (1988) (1989) (1990) ), as we were interested in determining the general pattern of differences amongst age and reproductive classes. Three males had nonscrotal testes in April and were excluded from the analysis. All other overwintering males were reproductive in early spring (April -mid-May), but were nonreproductive (nonscrotal testes) in late spring and summer. Thus, the comparisons were among three classes: overwintering breeding males that were reproductive, overwintering males that were nonreproductive (but had been reproductive), and juveniles. We ensured that each male contributed only once to each class by randomly deleting other samples, and 8 males contributed to two classes. All classes differed significantly from each other (F [2, 328] = 391.7, P < 0.0001), with juveniles having plasma testosterone concentrations 10 times lower than those of adult nonreproductive males and 16 times lower than those of adult reproductive males (Fig. 3) . Nonreproductive adult males maintained high testosterone concentrations throughout the active season (about 64% of those of adult reproductive males).
We found no relationship between MCBC values and testosterone concentrations when all adult males (reproductive and nonreproductive) were pooled (r = -0.08, P = 0.53), but we did find a weak inverse relationship when we examined only nonreproductive males (r = -0.27, P = 0.06).
Discussion
We have demonstrated that arctic ground squirrels show a marked stress response to trapping and handling and that this response varied significantly between males and females ( Fig. 1) . At the height of the mating season in late Aprilearly May, breeding adult males had much higher (51 times) base-line free cortisol concentrations than breeding females, but a much more limited capacity to respond to trapping (concentrations in males increased only 4 times compared with 34 times in females) (Fig. 1) . MCBC values in both sexes were unaffected by trapping. Testosterone concentrations were about 50% higher in livetrapped males than in base-line males. MCBC values and free cortisol concentrations varied significantly with reproductive condition, those in breeding females (pregnant or lactating) being the highest. These MCBC values buffered the females against the higher total cortisol concentrations, resulting in free cortisol concentrations that were similar in all female classes (including juveniles) and significantly lower than those in adult males (Fig. 2) . Adult males, whether they were reproductive (scrotal testes) or not (after reproduction), maintained much higher testosterone concentrations throughout the active season (Fig. 3) , and also significantly higher free cortisol concentrations (Fig. 2) , than juvenile males and all female classes.
We will discuss three caveats before interpreting the data. First, there is disagreement as to the identity of the principal glucocorticoid in sciurids, but we propose that the evidence is consistent with the conclusion that both corticosterone and cortisol are produced, but that cortisol is the primary one. Part of the reason for the lack of consensus may be that in most of the early studies, the methods used were not as accurate or as precise as RIA (e.g., Adams (1972) used TLC, Huibregtse et al. (1971) used both TLC and fluorometric measurement, Vanjonack et al. (1975) used competitive protein binding, and Armitage (1991) used fluorometric measurement). In addition, in some studies it was assumed that only cortisol was present (Florant and Weitzman 1980 (woodchuck, Marmota monax) ; Shivatcheva et al. 1988 (the European ground squirrel Spermophilus citellus)). In an in vitro study on adrenal glands from California ground squirrels (Spermophilus beecheyi), both shot and previously stimulated with ACTH, Adams (1972) found that though both glucocorticoids were produced, cortisol was the principal one, and that only cortisol responded dramatically to ACTH. In Armitage's (1991) study on the yellow-bellied marmot (Marmota flaviventris), in which the corticosteroid was not identified, there was no effect of either age or reproductive condition on corticosteroid concentrations in blood samples taken from free-living animals (livetrapped and bled from the femoral vein). Given the marked effects of both sex and reproductive condition in mammals that both we and others have found (Figs. 1 and 2) , we suggest that the animals were indeed stressed by the trapping procedure, but that the fluorometric method which was used measured primarily corticosterone, not cortisol, and that the former did not respond to the differences between the sexes or among reproductive classes. Kastner et al. (1977) , who also worked on M. flaviventris, surgically stressed them, collected venous blood flowing directly from the adrenals, and analyzed it for both corticosterone and cortisol with RIA. They found that the secretion rate was 15.2 ng/min for corticosterone and 554 ng/min for cortisol. In a study of seasonal changes in hormone concentrations in field-caught golden-mantled ground squirrels (Spermophilus saturatus), most of which were accustomed to capture and handling, Boswell et al. (1994) found (using RIA) that both glucocorticoids were present, with cortisol concentrations about 2-3 times corticosterone concentrations. These concentrations must represent those from animals stressed by the livetrapping protocol. In the yellow-pine chipmunk (Tamias amoenus), Kenagy and Place (2000) and Place and Kenagy (2000) found both steroids present in livetrapped animals, with cortisol concentrations about 10 times corticosterone concentrations. Finally, our initial analysis in arctic ground squirrels clearly indicated that cortisol was the primary glucocorticoid present, and corticosterone was unmeasurable in most animals (67%), and that cortisol concentrations were strongly affected by trapping and handling (Fig. 1) . Thus, though corticosterone may be secreted, the more potent cortisol is the dominant glucocorticoid. We recommend that in all future studies on the stress physiology of sciurids, cortisol be measured.
The second caveat concerns the issue of whether the stress of livetrapping and handling (Fig. 1) obscured the seasonal pattern of changes in cortisol and testosterone concentrations (Figs. 2 and 3) . We think that this is unlikely for two reasons. First, as indicated in the Methods for the Bear Creek Flats population, the time between capture and bleeding was short (usually less than 20 min) and thus the bias, if any, was relatively constant. Second, Kenagy and Place (2000) and Place and Kenagy (2000) , who assessed the impact of trapping and handling stress in the yellow-pine chipmunk, using a novel protocol in which the animals were bled immediately on capture and again 30 min later, concluded that standard trapping procedures did not obscure the natural pattern of seasonal changes in either glucocorticoid or testosterone concentration.
The third caveat concerns the issue of whether the ground squirrels' response to livetrapping remained constant over the season (i.e., there was indeed a stress-induced response to the trapping protocol in early spring (Fig. 1) , but since we did not obtain base-line concentrations at other times, we cannot be sure whether the ground squirrels were stressed to the same degree or not at all later in the season). Some bird species, or even different populations within the same species, living in areas with severe, unpredictable weather, such as the Arctic, are hypo-responsive to these weather events and this may be an adaptation to permit reproduction (e.g., Fig. 3 . Plasma testosterone concentrations (mean ± SE) in male arctic ground squirrels from Bear Creek Flats, Yukon. Samples from adult reproductive males were obtained in April-May, from nonreproductive adult males in May-July, and from juvenile males in June and July. Numbers above the bars are sample sizes. Silverin et al. 1997; Wingfield et al. 1997) . We cannot be sure that the squirrels' sensitivity to the trapping protocol varied over the season. However, we do know that at no time were they hypo-responsive to a standardized hormonal challenge consisting of a dexamethasone-suppression test followed by an ACTH-stimulation test (for a general description of this protocol see Boonstra and McColl 2000) . We have tested ground squirrels (males and females, adults and juveniles) in June, July, and August with this challenge protocol (McColl 1998; R. Boonstra and C.J. McColl, unpublished data) , and at all times cortisol concentrations were suppressed by dexamethasone and stimulated by ACTH.
Changes in glucocorticoid concentration
We found that neither male nor female ground squirrels showed significant changes in MCBC values, relative to baseline animals, in response to the stress of capture (Fig. 1) , and this was expected. Though the CBG concentration (our measure of this was the MCBC value) is known to show longterm (after 24 h or more) declines in response to stressors (Dallman et al. 1990; Armario et al. 1994; Fleshner et al. 1995) , it is thought to have little capacity to make rapid short-term changes (except in lagomorphs; Boonstra and Singleton 1993; . However, Boonstra and McColl (2000) found small but significant declines in MCBC values following a 4-h hormonal challenge in both male arctic ground squirrels (by 4%) and male red squirrels (Tamiasciurus hudsonicus) (by 12%). The critical component in the stress response of mammals is the serum CBG concentration. The bioavailability of circulating corticosteroids for target tissues is mediated by CBG, which acts as the carrier protein for cortisol. When bound to CBG, cortisol is biologically inactive (Rosner 1990) and, under basal conditions, 90-95% of plasma glucocorticoids are bound to CBG. All other studies done on sciurids (except for that of Armitage 1991) have measured only total corticosteroids and these are a poor reflection of what is actually available to tissues. For example, total cortisol concentrations in pregnant and lactating females were significantly higher than in juvenile females, but free cortisol concentrations did not vary among the three groups because of the high MCBC values in the former two groups (Fig. 2) . Kenagy and Place (2000) found that lactating female yellow-pine chipmunks had significantly higher total cortisol concentrations than pregnant and mating females or post-lactation females. However, given that the CBG concentration increases markedly with pregnancy and lactation in rodents (e.g., Rosenthal et al. 1969a Rosenthal et al. , 1969b Westphal 1971; McDonald et al. 1988; Boonstra and Boag 1992;  Fig. 2 ), lactating chipmunks may be well buffered from these high concentrations. The same problem of interpretation arises in the study of Place and Kenagy (2000) on male yellow-pine chipmunks. They report low concentrations of both cortisol and corticosterone during the mating season, but given that CBG levels were not known, free cortisol and corticosterone levels may be high if CBG levels are low, as we have found here and was reported in Boonstra et al. (2001) . Thus, in response to a stressor such as livetrapping, the rapid release of cortisol may result in a major pulse of free cortisol if the binding capacity of CBG is swamped (Westphal 1971; Dallman et al. 1989 ), but not if the animal is buffered by high CBG concentrations, as pregnant and lactating rodents are. Thus, to understand the dynamics of corticosteroids, both total and free concentrations should be measured.
Total cortisol concentrations vary markedly among the various species of the squirrel subfamily Sciurinae (family Sciuridae; Hafner 1984) , but the reason is not obvious. Low total cortisol concentrations have been found in three species. In nonhibernating woodchucks, Florant and Weitzmann (1980) , using chronically implanted catheters for sampling blood without disturbing the animals, found cortisol concentrations from 4 to 12 ng/mL. In yellow-bellied marmots (both sexes pooled, from all seasons), Kastner et al. (1977) reported an average cortisol concentration of 54 ng/mL, but the stress level experienced by these animals at the time of bleeding (cardiac puncture or implanted catheter) is unclear. In golden-mantled ground squirrels (Spermophilus lateralis) Boswell et al. (1994) , using livetrapped animals that must have been stressed by trapping and handling, found cortisol concentrations of 10-27 ng/mL in adult females (pregnant, lactating, or postlactating) and 13-26 ng/mL in adult males (breeding or nonreproductive). In contrast, in arctic ground squirrels (our study), total cortisol concentrations were about 10 times those in the above three species (158-269 ng/mL for males, over all classes; 174-307 ng/mL for females, over all classes; Fig. 1 and 2) . In red squirrels, Boonstra and McColl (2000) , using breeding males stressed by handling, found a base-line concentration of 736 ng/mL, which is about 35 times those in the above first three species. Finally, in the yellow-pine chipmunk, Kenagy and Place (2000) , using females from a livetrapping study, found cortisol concentrations of 906-1686 ng/mL which are about 50 times those found in the above first three species. Place and Kenagy (2000) report similar levels in male yellow-pine chipmunks. It is not at all clear what ecological forces could select for this enormous range in cortisol concentration, as the first four species are all members of the same tribe (Marmotina, burrowing squirrels; Hafner 1984), they have similar life histories, and all hibernate. The fifth species is a member of the subtribe Sciurni (tree squirrels) and the sixth is a member of the Tamiini (chipmunks). Red squirrels and chipmunks tend to be much more active than the other species, but activity levels cannot be the sole explanation, as the two Spermophilus species do not appear to differ markedly in activity level (R. Boonstra, personal observation), but differ by an order of magnitude in cortisol concentration. Thus, the cause of the large range in cortisol concentrations remains an enigma.
Changes in testosterone concentration
In mammals, stressors can suppress testosterone production (Sapolsky 1992) . This effect has been found in two marsupial species (Antechinus swainsonii (McDonald et al. 1986) and Phascogale calura (Bradley 1990) ), baboons (Papio anubis (Sapolsky 1985) ), snowshoe hares (Lepus americanus (Boonstra and Singleton 1993) ), and red squirrels (Boonstra and McColl 2000) . However, in ground squirrels the stress associated with trapping and handling had the opposite effect, increasing the testosterone concentration. This result was not just an anomalous one caused by low sample size. Using an hormonal challenge protocol, Boonstra and McColl (2000) found that testosterone concentrations increased in breeding males within 30 min and for up to 2 h after an ACTH injection. Boonstra et al. (2001) found the same for both juveniles and nonreproductive males in August. The response of breeding males to stress may be similar to that of high-ranking male baboons, which show a transient increase in testosterone during the first post stress hour (Sapolsky 1985) , whereas concentrations in subordinate males begin to decline immediately (within 30 min) and continuously following exposure to a stressor. Similar responses have been seen in snowshoe hares in good condition (Boonstra and Singleton 1993; ). However, in male arctic ground squirrels this rise in testosterone concentration when the animals are stressed seems to be a more generalized trait and is probably not restricted to males in good condition nor to dominant ones. Place and Kenagy (2000) found a similar rise in testosterone levels with trapping and handling stress in the yellow-pine chipmunk in the breeding season but not at other times. Boonstra and McColl (2000) postulate that this is an evolutionary adaptation of arctic ground squirrels associated with competition for access to females during the short, intense yearly mating season.
Though high testosterone concentrations in other species are associated with reduced CBG concentrations, we found no evidence of this in arctic ground squirrels. Adult males, whether they were reproductively active or not, had high testosterone concentrations. In male Antechinus spp. (Bradley et al. 1980; McDonald et al. 1981) , increasing the testosterone concentration caused CBG concentrations to fall, and failure of the pituitary-adrenocortical feedback system (McDonald et al. 1986 ) caused free corticosteroid concentrations to rise when aggressive breeding interactions occurred. The net result was a collapse of the immune and inflammatory responses and total male mortality after a brief mating period. Male Australian bush rats (Rattus fuscipes) also showed an inverse relationship between testosterone concentration and CBG concentration and associated breeding-related mortality (McDonald et al. 1988) . In contrast, no relationship was found between testosterone concentration and CBG concentration in Microtus pennsylvanicus (Boonstra and Boag 1992 ), Townsend's vole (Microtus townsendii) (McDonald and Taitt 1982) , or another dasyurid marsupial, Sminthopsis crassicaudata (McDonald et al. 1981) . In the first group of species the inverse relationship between testosterone and CBG concentrations appears to be associated with breeding-related mortality due to stress symptoms; in the second group of species, in which no inverse relationship occurs, the animals may disappear for other reasons (e.g., death due to predation or loss by dispersal). It is not clear where the arctic ground squirrel sits in this continuum. A major unknown factor is the cause of the disappearance of males at the end of the mating period. Boonstra et al. (2001) report a loss of over 40% of males immediately following the mating period. They found that breeding males appeared to be suffering from the effects of chronic stress, with severely reduced immune function, whereas at other times males were in much better condition.
For adult males that do survive into summer, it is not immediately obvious why testosterone concentrations remain high through the nonreproductive period and into June and early July (our last sample was caught in mid-July) (Fig. 3) . One possible explanation is the need for adult breeding males to maintain vigilance and exhibit aggressive behaviour around the burrowing sites of the females with which they have mated to protect the young from infanticidal yearling males (McLean 1983; Lacey 1991) . The typical pattern for juvenile males is to disperse from the natal burrow in the summer of their birth, probably to avoid mating with close relatives the next spring (Holekamp and Sherman 1989; Lacey 1991) . However, Lacey (1991) found that a number of juvenile males do not disperse from their natal area in their year of birth (apparently because of low body mass), do not participate in reproduction the next spring, and only disperse from their natal site after the mating period is finished and when the females are rearing their next litter. These young males apparently attempt to take over the burrow systems of unrelated adult females and in the process kill the young of these females (Lacey 1991) . Lacey (1991) proposed that adult breeding males should not disperse until after their young have emerged, in order to protect their progeny from these infanticidal males. Holekamp and Talamantes (1992) monitored seasonal changes in testosterone concentration and behaviour in California ground squirrels and found that, in contrast to our results, testosterone dropped to low concentrations within 2 weeks of the mating season, and associated with this was a sharp decline in agonistic behaviour. Young males of this species do not breed until they are 2 years old (virtually all arctic ground squirrels breed as yearlings, except for the stay-at-home low-body-mass males); 90% disperse in their first year, and all have done so by 55 weeks of age (Holekamp 1984) . The risk of infanticidal behaviour by yearlings may be much lower or absent in California ground squirrels than in arctic ground squirrels, hence there is no need for high testosterone concentrations in adult male California ground squirrels well after the breeding season is finished.
In conclusion, arctic ground squirrels are markedly affected by the stress of capture and handling, but during the mating period reproductive adult males already have high free cortisol concentrations independently of the effects of this stressor and are less capable of mounting a stress response than females. In contrast, adult females show a major response to trapping stress, but during the period of lactating and pregnancy, they are buffered from the effects of high free cortisol concentrations by high MCBC. Testosterone concentrations in adult males increase in response to trapping stress and remain high even when they are not breeding.
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